Umpolung chemistry has been a focus of research in organic synthesis because of its usefulness and unusual reactivity. Above all, umpolung of enamine properties enables the formation of highly substituted carbon-carbon bonds and the installation of aryl groups which is difficult to achieve using normal enolate chemistry. This short review describes reports of carbon-carbon bond formation using umpolung reactions of enol and enamine derivatives.
Introduction
Umpolung reactions have been developed as unconventional methods for the synthesis of target molecules. Polarity inversions of the carbonyl group are known in stoichiometric dithiane Generally, carbon-carbon bond formation at the α-position of a ketone is performed by the reactions of enolates and enamines with carbon electrophiles. Carbon-carbon bond formation using a carbon nucleophile can be achieved if enoxylium and enaminylium ion equivalents can be produced in situ. The umpolung reaction of the α-carbon on a carbonyl structure is an attractive reaction because it allows the direct introduction of various types of substituents into the α-position through the use of nucleophiles. It is surprising that there are few publications on umpolung reactions at α-carbon atoms, except for those on the use of α-halogenated carbonyl compounds. 3 In view of the potential advantages of umpolung reactions at α-carbons, it is worthwhile discussing this emerging area.
This review concentrates on the umpolung reactions of enamine and enol derivatives. The known methods for the umpolung reactions of enamine and enol derivatives are summarized in Scheme 1. Two successful procedures for umpolung reactions of N-sulfonylazoalkenes 4 with carbon nucleophiles, using conjugate addition, have been published (Eq. 1). Michael-type conjugate addition of nucleophiles to vinylnitroso compounds as enamines has been reported by Weinreb and co-workers 5 (Eq. 2). Recently, a method for umpolung reactions, using vinylurea 6 as the substrate, at the α-position has been developed (Eq. 3). We have also reported nucleophilic arylations and alkylations of ketones by polarity inversion of N-alkoxyenamines (Eq. 4).
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Electrophilic aromatic substitution reactions of oximes have been described by Zard and coworkers, 8 as shown in Eq. 5. Hoppe and co-workers 9 have reported the preparation of αα′-branched α′-oxygenated ketones using tandem umpolung reactions of 1-(N,Ndialkylcarbamoyloxy)-1-tosylalkenes (Eq. 6).
Umpolung reactions of tosylazoalkenes
Fuchs 4a has explored a method for α-arylation of carbonyl groups using p-toluenesulfonylazo alkenes 1b as the substrate. The tosylazoalkene 1b should be an excellent substrate for conjugated addition reactions. Specifically, reaction of p-toluenesulfonylazocyclohexene 1b prepared from the tosylhydrazone 2b with lithium diphenylcuprate or phenylcopper leads to complete consumption of the starting material within 1 min at −60 °C, concurrent with the production of pure α-phenyltosylhydrazone 3b (70−75%) (Scheme 2). The further utility of tosylazoalkenes as an enaminylium synthon is demonstrated in the reaction of α-bromo--keto ester tosylhydrazones 5a,b with phenylcopper. Conceptually, the intermediates 6a,b could either produce cinnamate esters 7a,b via β-phenyl addition or tosylhydrazones 8a,b via α-addition. Examination of the product mixture revealed no detectable amounts of esters 7a,b. Hydrolysis of tosylhydrazones 8a,b by the usual method produced the corresponding α-phenyl-β-keto esters in high yields (Scheme 3).
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The possibility of conducting one-pot αα-dialkylations starting from αα-dichloro-Nsulfonylhydrazones was investigated. The success of these transformations requires sequential elimination of chloride and addition of cuprate to the resulting azoalkene to occur twice, in a cascading fashion. The results are summarized in Table 2 . Treatment of different αα-dichloro-Nsulfonylhydrazones with a Grignard reagent and a CuCl catalyst resulted in the incorporation of two identical alkyl groups (entries 1 and 2), indicating that two alkylations had occurred. Bisalkylation using two different Grignard reagents was also examined (entries 3−6). In each case, the desired bisalkylated compound bearing two different alkyl groups was generated. To investigate the possibility of coupling hydrazone oxidation with a catalytic alkylation reaction, N-sulfonylhydrazone 19 was treated with phenyltrimethylammonium tribromide to generate the α-bromo-N-sulfonylhydrazone, 10 and then exposed to catalytic alkylation conditions. The desired α-alkylated product 16a was produced using this sequential transformation (Scheme 6). The synthetic potential of this catalytic alkylation method was tested by carrying out a concise synthesis of the core framework of the natural product trichodiene 11 (Scheme 6). Compound 20 was treated with 1-methylcyclopentylmagnesium chloride to produce 21 in 74% yield, enabling the direct linkage of the adjacent quaternary carbon centers in a single step.
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Umpolung reactions of nitrosoalkenes
Vinylnitroso compounds 22 are highly reactive, generally unstable species which have found only sporadic use in organic synthesis. There are presently two procedures commonly used to generate nitrosoalkenes 22 (Scheme 7). 5b
Scheme 7
The most widely used method involves base-promoted 1,4-elimination of an α-halooxime 23 to produce the vinylnitroso species 22. These transient intermediates are known to undergo rapid conjugate additions with a variety of hetero and carbon nucleophiles in Michael-type reactions to produce adducts 25 in good yields. When forming vinylnitroso species 22 via this process, it is common to use at least two equivalents of the nucleophile, one of which acts as the base for the initial elimination step. Such a procedure, however, is inefficient when using expensive nucleophiles.
The second method for nitrosoalkene 22 generation involves the treatment of an α-chloro-Osilyloxime 24 with a fluoride source to form 25.
Carbon nucleophiles that have been added to vinylnitroso compounds include electron-rich arenes and heteroarenes, 12 malonates, 13 1,3-diketones, α-keto esters, Grignard reagents, 13 acetylides, 13, 14 and simple ketone enolates. 15 Thus, vinylnitroso compounds 22 can act as enaminylium ion equivalents. Weinreb has reported that a diverse array of nitrosoalkenes derived from acyclic and cyclic ketones and aldehydes, using α-chloro-O-TBS-oximes, can be trapped efficiently in situ using a wide variety of potassium enolates to afford conjugate addition products in good yields. The scope and limitations of this method have been explored (Table 3) . An ester derivative 26 (1.2 equiv) was first converted into its potassium enolate with potassium hexamethyldisilazide in THF at −78 °C. The addition of an α-chloro-O-TBS-oxime 27 (1.0 equiv) to the enolate solution was followed by slow addition of tetrabutylammonium fluoride solution in THF (1.2 equiv). The mixture was then slowly warmed to 0 °C, and after 2 h the reaction was worked up to yield alkylation products 28.
Michael-type conjugate additions of acyclic nitrosoalkenes 30 derived from γ-chiral aldoxime 29 have been explored using a series of carbon nucleophiles. In all cases examined, these reactions are stereoselective, leading exclusively to the anti-products 31 (Scheme 8).
5e The outcome of these nitroalkene additions can be rationalized based upon a Felkin-Anh-type transition state.
Scheme 8
Intermolecular Michael reactions of nitrosoalkenes have been applied to intramolecular reactions (Scheme 9). α-Chloroketone 32 was first transformed into oxime derivative 33 using commercially available O-TBS-hydroxylamine. Compound 33 is a complex mixture of diastereomers, including oxime geometric isomers.
For the pivotal cyclization step, it is best initially to deprotonate the malonate 33 with sodium hexamethyldisilazide in THF at low temperature, followed by addition of tetrabutylammonium fluoride, leading to formation of the desired bicyclic oxime diester 35 in nearly quantitative yield. Compound 35 is a single stereoisomer with the (E)-oxime configuration. This cyclization occurred via the transient vinylnitroso intermediate 34. The conversion of 35 to 36 could be conveniently effected using DMP (Dess-Martin periodinane). Table 4 shows the results of treating N-vinylureas 38a-f with RLi. In each case, carbolithiation followed by N-aryl migration resulted in tandem addition of two carbon substituents, R and Ar 2 . Yields were good to excellent, and a range of substituents, including methyl-, n-and sec-alkyl-, alkenyl-, and aryl-lithiums were successfully added to the ureas. Migration of an aryl ring gave the rearranged products 41. Unsaturated products were obtained by addition of vinyllithium (entry 7).
Isopropyllithium underwent clean addition to (E)-alkenylureas 42a,b and gave carbolithiation-rearrangement products 43a,b as single diastereoisomers (Table 5 , entries 1,2). -43c (entry 3) . The epimeric product epi43a was also formed when the E starting material 42a was replaced by the Z isomer of 42a (entry 4).
Epimeric products were produced from (E)-and (Z)-42a. Evidently, both the carbolithiation and aryl migration steps are stereospecific, since either inverting the double-bond geometry in the starting material or exchanging the substituents Ar 1 and Ar 2 changes the configuration of the products.
It is proposed that the reactions proceed by umpolung carbolithiation 18 of 42 to give a substituted benzyllithium B via a stable complex A (Scheme 11). The benzyllithium B undergoes retentive N → C aryl migration by attack of the organolithium center on the N-aryl ring Ar 2 C, transferring Ar 2 to the α-position and yielding lithiourea D, and hence 43 upon protonation.
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Umpolung reactions of N-alkoxyenamines
Our research group 7 has reported a strategy for the efficient umpolung α-alkylation and α-arylation of ketones via enamine intermediates (Scheme 12). Generally, enamine 46 (X = alkyl) reacts with an electrophile to give a 2-substituted ketone 47. The enamine 46 carrying a heteroatom substituent (X = OR) generates the corresponding α-carbonyl carbocation equivalent B by coordination with a Lewis acid followed by N-X bond cleavage of the resulting complex A. The subsequent desired reaction with a nucleophile occurs at an electrophilic α-carbon atom to form the imine, which is unstable enough to undergo hydrolysis upon aqueous workup.
The umpolung alkylations of various ketones with several commercially available R3Al (trialkylaluminium) compounds were investigated (Table 6 ). The reaction of the N-cyclohexenylisoxazolidine intermediate 50a, which was formed in situ, with Et3Al proceeded to afford 51a in 76% yield (Table 6 , entry 1). Similarly, the reaction of 49a with i-Bu3Al gave 51b (Table 6 , entry 2). In the case of 2-methylcyclohexanone (49b), 2-ethyl-6-methylcyclohexanone (51c) was obtained as a result of regioselective formation of trisubstituted N-alkoxyenamine 50b as an intermediate. The umpolung reaction using acyclic ketone 49c,d provided the corresponding ethylated products 51d,e in good yields (Table 6 , entries 4 and 5).
Scheme 12
Next, the one-pot double nucleophilic alkylation of 50a was investigated (Scheme 13). The treatment of 50a with Et3Al and subsequent reaction with allylmagnesium bromide gave dialkylated amino alcohol 53. This result indicates that this umpolung reaction proceeds via intermediate imine 52. Finally, addition of allylmagnesium bromide to imine 52 gave the amine 53.
Scheme 13
This umpolung reaction was extended to α-arylation ( Table 7) . The reaction using Ph3Al proceeded smoothly and gave α-phenylated product 54a (Table 7 , entry 1). The scope of Ar3Al compounds used was expanded (Table 7 , entries 2-5). The electronic nature of the substituents on the benzene ring had little effect on the reaction efficiency. Higher yields of the desired α-aryl ketone derivatives were observed when N-alkoxyenamine 50c was subjected to the arylation reaction (Table 7 , entries 6-10).
Additionally, one-pot umpolung arylation reaction involving enamine formation was examined. Treatment of 5-nonanone (49c) with both isoxazolidine and Ph3Al in CH2Cl2 cleanly afforded the desired product 54 in 73% yield. Similar results were obtained when Ar3Al compounds such as p-tolyl-, 4-methoxylphenyl-and 4-fluorophenyl-Al reagents were employed. This method is equivalent to direct umpolung arylation of carbonyl compounds, which proceeds smoothly in the presence of isoxazolidine, and it provides an efficient alternative synthetic route to 2-arylcarbonyl compounds using a simplified procedure. 
Intramolecular umpolung reactions of N-acyloxyenamides
Zard 8 has reported that the oximes 55 of 4-benzyltetralones undergo an electrophilic aromatic substitution reaction to form tetracyclic frameworks 57. It can be said that this reaction is equivalent to the polarity inversion reaction at the α-carbon position of carbonyl compounds (Scheme 14).
Exposure of these oximes 55 to a combination of acetic anhydride and acetic acid/methanesulfonic acid furnished the corresponding tetracyclic ketones 57 in addition to variable amounts of the N-acetylnaphthylamines 56 resulting from the normal SemmlerWolff/Schroeter reaction. In most cases, the yield of the tetracyclic ketone was of the order 40-50%. The presence of electron-donating methoxy groups caused significant reduction of the yield.
Tandem umpolung reactions of tosylalkenes
1-(N,N-Diisopropylcarbamoyloxy)-1-tosylalkenes 62 have been developed by Hoppe 9 as substrates for tandem umpolung reactions. Upon addition of Grignard reagents and further quenching by carbonyl compounds, tosylalkenes 62 produce αα′-branched-α′-oxygenated ketones 66 (Scheme 16).
Scheme 16
Strategically, this method installs a carbanion unit and a carbonyl unit on the α-carbon and the carbonyl center, respectively, of an aldehyde, in one-pot. As illustrated in Scheme 16, the C-1 position on 62 is regarded as a masked carbonyl group. When 62 is subjected to transition-metalcatalyzed addition reactions, a carbanion R 4 M could be added at the 2-position, which results in umpolung and generates 63 (first umpolung). Structure 63 can be further coupled with another carbonyl compound to form the substituted ketone 66 via migration of the carbamoyl group (64 → 65) and elimination of the sulfonyl group (65 → 66) (second umpolung). The first umpolung reaction is regarded as polarity inversion at the α-carbon position of a carbonyl compound.
Virtually all common Grignard reagents gave moderate to excellent yields for the coppercatalyzed first addition to substrates 62a-d (Table 8) . The results for alkyl, alkenyl, allylic, and aryl Grignard reagents are listed in Table 8 . Less reactive Grignard reagents such as vinylmagnesium bromide or less reactive sulfone substrates such as 62b required higher temperatures or prolonged reaction times. Generally, the reaction temperature needs to be below −20 °C to avoid decomposition of intermediate 63. Based on the knowledge obtained from the first addition, the first umpolung was extended to a tandem umpolung. (One can proceed to the second addition/migration/elimination to complete the tandem umpolung by quenching the magnesiated intermediate 63 with aldehydes or ketones.) 
